Abstract Enhanced echo intensity (EI) on an ultrasound image of skeletal muscle indicates changes in muscle quality, including increases in intramuscular fibrous and adipose tissues. However, it is not known whether muscle quality assessed from the EI of computer-aided gray-scale analysis of an ultrasound image is associated with the muscle strength or body composition of a subject. The objectives of this study were to investigate whether muscle quality assessed from EI measured using gray-scale analysis is associated with muscle strength independently of age or muscle thickness (MT), and to examine the relationship between muscle EI and body composition. Ninetytwo healthy women with a mean age of 70.4 ± 5.5 years (range, 51-87 years) dwelling in Kyoto, Japan, participated in the study. The MT, subcutaneous fat thickness (FT), and EI of the quadriceps femoris on the right extremity were assessed from transverse ultrasound images. Knee extensor isometric strength was used as a measure of the quadriceps femoris muscle strength. EI was significantly correlated with quadriceps strength independently of age or MT, and stepwise regression analysis revealed that MT and EI were independently associated with quadriceps strength. Importantly, EI showed no significant correlations with FT, percentage of body fat (%BF), or body mass index (BMI), while FT, BMI, and %BF did not significantly influence muscle strength. These data suggest that muscle quantity (i.e., MT) and muscle quality assessed from EI measured using computer-aided gray-scale analysis independently contribute to muscle strength in middle-aged and elderly persons.
Introduction
Sarcopenia is the loss of muscle mass that results from aging. It is the primary reason for age-related impairments in muscle strength and power (Brooks and Faulkner 1994; Frontera et al. 1991) . These impairments include deficits in lower extremity strength, which lead to functional limitations when performing tasks relevant to daily life, such as walking, stair climbing, and chair rising (Arborelius et al. 1992; Bohannon 1997; Rantanen et al. 1994) . Therefore, the maintenance of muscle mass during the aging process is critical to ensure that elderly adults can independently carry out the essential activities of daily living.
In addition to age-related reductions in muscle mass (i.e., muscle quantity as determined by muscle volume, cross-sectional area (CSA), and thickness), there are changes in muscle quality with aging, including increased adipose tissue accumulation and water content within the muscle. Muscle quality can be assessed using computed tomography (CT) which shows a reduced attenuation coefficient due to augmented fat infiltration (Goodpaster et al. 2000) . Muscle quality can also be evaluated using the non-invasive, easily accessible, and safe method of ultrasound imaging, whereby an enhanced echo intensity (EI) represents changes caused by increased intramuscular fibrous and adipose tissue (Heckmatt et al. 1982; Pillen et al. 2009; Reimers et al. 1993) . Previously, EI has been graded visually, but this approach is subjective and depends on the experience of the observer, and is therefore considered unacceptably inaccurate (Landis and Koch 1977; Pillen et al. 2006) . To overcome this limitation, computer-aided gray-scale analysis is being used for quantitative measurement of skeletal muscle EIs (Arts et al. 2010; Bargfrede et al. 1999; Maurits et al. 2003 Maurits et al. , 2004 Pillen et al. 2006 Pillen et al. , 2009 Reimers et al. 1993 Reimers et al. , 1996 . Quantitative data generated from computer-aided grayscale analyses of EIs are more applicable for research purposes because they involve objective evaluations and are suitable for statistical analyses (Pillen et al. 2006) . Accordingly, the computerized evaluation of muscle EI has shown higher sensitivity than visual scoring in children suspected of having a neuromuscular disorder (Pillen et al. 2006 ).
Muscle quality, as well as muscle quantity, is reported to be associated with muscle strength. Previous studies have shown that a reduced attenuation coefficient on CT of midthigh and lower leg muscle was a predictor of poor muscle strength and functional limitations independently of muscle CSA (Goodpaster et al. 2001; Sipilä et al. 2004; Visser et al. 2002) . These reports suggest that the evaluation of age-related changes in muscle quantity results in an overestimation of the amount of contractile muscle in older persons (Goodpaster et al. 2001; Sipilä et al. 2004; Visser et al. 2002; Yamada et al. 2010) . In studies using ultrasound images, Suominen (1991, 1994) reported that EI of the quadriceps femoris was significantly correlated with knee extensor strength in older persons. While the results of these ultrasound studies are interesting, they were based on EI values generated by less accurate visual scoring. To verify the correlations identified using visual scoring of ultrasound images, computer-aided gray-scale analyses of EI must be used. Presently, information describing the association of muscle quality assessed from EI measured using gray-scale analysis with muscle strength in older persons is limited. It is also unclear whether EI as an index of muscle quality is associated with muscle strength independently of age, and muscle thickness (MT) as an index of muscle quantity. Therefore, the first objective of this study was to investigate whether muscle quality assessed from EI measured using gray-scale analysis is associated with muscle strength independently of age or MT. We hypothesized that EI as an index of muscle quality, as well as MT as an index of muscle quantity, is associated with muscle strength, and that the relationship is not dependent on age or MT.
Evidence suggests there are age-related changes in skeletal muscle composition, such as an increase in intramuscular adipose tissue, and body composition, including increases in visceral fat and subcutaneous fat. A previous study has shown that attenuation of the quadriceps femoris and hamstring muscles on CT was negatively correlated with subcutaneous thigh adipose tissue area, body mass index (BMI), and percentage body fat (%BF) in older individuals (Goodpaster et al. 2001 ). However, no study has investigated whether EI determined using ultrasound imaging, which represents the degree of fat infiltration within muscle, is associated with markers of body composition such as %BF measured using bioelectrical impedance analysis. Therefore, the second objective of this study was to examine the relationship between muscle EI measured using gray-scale analysis and body composition.
Methods

Participants
Ninety-two women with a mean age of 70.4 ± 6.6 years (range, 51-87), living independently in Kyoto, Japan, participated in this study. All subjects provided written informed consent; the study protocol was approved by the ethics committee of Kyoto University Graduate School and Faculty of Medicine.
Persons were eligible if they were able to walk without assistive devices, reported no history of lower limb trauma or surgery, reported no neuromuscular disorders, reported no acute or chronic diseases that impaired their strength and power, and reported no severe dementia which may have influenced informed consent.
Ultrasound measurement
Transverse ultrasound images of the quadriceps femoris on the right extremity were obtained with a B-mode ultrasound imaging device (LOGIQ e; GE Healthcare UK Ltd., Chalfont, Buckinghamshire, England) and a multi-frequency linear transducer (8-12 MHz). Participants were completely relaxed and sitting comfortably with a knee flexion of 60°. During all measurements, a 8-MHz transducer with a 58-dB gain was used. The transducer was positioned perpendicular to the longitudinal axis of the quadriceps femoris at the midpoint between the anterior superior iliac spine and the proximal end of the patella. Two consecutive images were obtained by the same investigator. To ensure the pressure of the transducer was kept to a minimum and that distortion of the skin and subcutaneous tissues caused by excess compression was avoided, a generous amount of contact gel was applied to the skin and real-time ultrasonic images were observed.
An electric caliper on frozen transverse images was used to measure: the MT of the quadriceps femoris as the distance between the upper margin of the femoral bone and the lower boundary of the ventral fascia of the rectus femoris (RF), identifying the MT of the quadriceps femoris as the RF and vastus intermedius; and the subcutaneous fat thickness (FT) as the distance between the upper boundary of the ventral fascia and the line separating the dermis from fat ( Fig. 1) . Echo intensities were determined by computerassisted 8-bit gray-scale analysis using the standard histogram function in Adobe Photoshop Elements (Adobe Systems Inc., San Jose, CA, USA). Regions of interest that included as much of the RF muscles as possible but avoided the surrounding fascia were selected. The mean EI of the regions was expressed as a value between 0 (black) and 255 (white). Mean MT, FT, and EI were calculated using measurements from two images. To assess test-retest reliabilities, intra-class correlation coefficients (ICC1.1) were evaluated using two images taken on two separate days in seven female subjects with a mean age of 60.3 ± 6.9 years. ICC (1.1) values were 0.90 for MT, 0.96 for FT, and 0.91 for EI.
Body composition measurement %BF was estimated using segmental bioelectrical impedance analysis, which has been validated for use in the elderly and was conducted as previously described (Yamada et al. 2009 ). The analysis is based on Ohm's Law and uses impedance indices and a newly developed correction factor for water distribution within the body. It is not influenced by age, sex, or weight (Yamada et al. 2009 ), and it estimates body composition with a higher accuracy than traditional methods (Ishiguro et al. 2005; Tanaka et al. 2007 ).
All measurements were taken with the participants in a relaxed supine position on a padded wooden table, arms slightly abducted from the body, forearms pronated, and legs slightly apart. An eight-channel battery-operated impedance instrument (Muscle-a; Art Haven 9, Kyoto, Japan) and 12 pre-gelled electrocardiogram tab-type monitoring electrodes (2 9 2 cm, Red Dot, 3 M) were used (Yamada et al. 2009 ). %BF was calculated using previously validated equations (Yamada et al. 2009 ).
Muscle strength measurement
The maximal isometric strength of the knee extensors on the right side was measured using an isometric dynamometer (Isoforce GT-330; OG GIKEN Co., Okayama, Japan). Participants were positioned on the dynamometer in a sitting position with a knee flexion of 60°, the pelvis was fixed using a strap, and a sensor pad was placed 26 cm distal to the knee joint. After 2-3 practice trials, isometric strength (Newton, N) was measured for 3 s twice, separated by a 30-s rest period. A maximal value was obtained and torque (Nm) was calculated by multiplying strength (N) by lever arm (m). The ICC (1.1) for the muscle strength measurement was 0.96.
Statistical analyses
Statistical analyses were performed using SPSS (version 17.0; SPSS Japan Inc., Tokyo, Japan). Data are shown as mean ± standard deviation (SD). Correlations between MT, EI, physical characteristics, and muscle strength were calculated using Pearson's correlation coefficients. Partial correlations that examined the effects of age, BMI, and EI on the relationship between MT and muscle strength, and the effects of age and MT on the relationship between EI and muscle strength were evaluated.
Stepwise regression analysis was performed to determine the relative importance of MT and EI in muscle strength. In addition to MT and EI, independent variables that showed significant correlations with muscle strength by Pearson's correlation coefficients were used as confounding factors. To monitor for a multicollinearity effect, the variance inflation factor (VIF) was calculated. A model was considered ill conditioned if the VIF was higher than 10 ( Kellis et al. 2000) . Statistical significance was defined as P \ 0.05. Table 1 shows the physical characteristics, ultrasound measurements, and muscle strength of the participants. Table 2 shows the correlation coefficients between MT, EI, the physical characteristics, and the muscle strength of the participants. MT showed a significant negative correlation with age, and a significant positive correlation with BMI and muscle strength. MT was not significantly associated with %BF or FT. EI showed a significant positive correlation with age, and significant negative correlations with MT and muscle strength. EI was not significantly associated with BMI, %BF, or FT. Muscle strength was significantly correlated with age and BMI. Table 3 shows the partial correlation coefficients between EI, MT, and muscle strength. With age as a control variable, both MT and EI were significantly correlated with muscle strength. With age, BMI, and EI as control variables, MT showed a significant positive correlation with muscle strength. With age and MT as control variables, EI showed a significant negative correlation with muscle strength.
Results
Stepwise regression analyzes identified MT and EI, but not age and BMI, as independent variables significantly associated with muscle strength (Table 4 ). The VIFs ranged from 1.177 to 1.267.
Discussion
Previous reports indicated that muscle quality estimated from visual scoring of EI or attenuation coefficients determined by CT was associated with muscle strength and physical performance Suominen 1991, 1994; Goodpaster et al. 2001; Sipilä et al. 2004; Visser et al. 2002) . However, no studies have investigated whether muscle quality assessed from EI measured using gray-scale analysis of ultrasound images is associated with muscle strength or body composition. The present study was the first to investigate the relationships between EI measured using gray-scale analysis with muscle strength and body composition in middle-aged and elderly women.
Evidence suggests that there is an increase in adipose tissue accumulation and a reduction in muscle mass within skeletal muscle with aging. Previous studies have reported an age-related increase in the EI of the upper and lower extremity muscles in healthy individuals, probably due to the replacement of contractile tissue by fat and fiber (Arts et al. 2010; Reimers et al. 1996) , and CT showed that the attenuation of the quadriceps femoris and hamstring muscles is decreased in the elderly (70-80 years) (Goodpaster et al. 2001) . In accordance with these results, we observed an age-related increase in EI and a decrease in MT of the 
Muscle strength -MT muscle thickness, EI echo intensity, BMI body mass index, %BF percentage body fat, FT subcutaneous fat thickness Statistical significance: * P \ 0.05, ** P \ 0.01 quadriceps femoris muscle. Taken together, these data suggest that the loss of muscle contractile tissue with aging is larger than the decrease in muscle size. In our study, EI was negatively correlated with muscle strength. As age was also correlated with muscle strength, we performed partial correlation analysis with age as a control variable and found that EI was still significantly correlated with muscle strength. Furthermore, when MT was used as a covariate, the result was the same as that obtained with Pearson's correlation. Thus, the association between muscle quality assessed from EI and muscle strength was not influenced by age or MT. Stepwise regression analyses showed that the MT and EI of the quadriceps femoris were significantly and independently associated with muscle strength. These data suggest that muscle quantity (i.e., muscle size) and muscle quality (i.e., the amounts of fibrous and adipose tissue within the muscle) independently contribute to muscle strength. Sarcopenia, the age-related decrease in muscle size, was reported to involve reduction or dysfunction of muscle satellite cells (Hawke and Garry 2001; Machida and Booth 2004) . On the other hand, a recent study has demonstrated that the amount of adipose tissue within muscles is affected not by satellite cells but by mesenchymal stem cells (Uezumi et al. 2010) . The results obtained in our study, that muscle quality is associated with muscle strength independently of muscle quantity, could involve the mesenchymal stem cells rather than satellite cells.
The relative increase in muscle EI (i.e., the reduction of muscle quality) with aging may result in an age-related decrease in specific force (force production per unit muscle size). However, in our study, although statistically significant, the influence of muscle quality assessed from EI on muscle strength was relatively low, accounting for 16% of the variance. These data suggest that age-related decreases in muscle strength may be associated with factors other than muscle quality, including a reduced proportion of fast type II fibers (Larsson et al. 1997; Sipilä et al. 2004 ) and decreased neural activation of the agonist muscle (Stevens et al. 2001 ). In addition, coactivation (the opposing mechanical action of the antagonist muscle) is reported to be higher in elderly adults and may contribute to reduced force production (Izquierdo et al. 1999; Macaluso et al. 2002) .
A further important finding in our study was that the EI of the quadriceps femoris was not correlated with the FT of the anterior thigh, %BF, or BMI. These results suggest that the use of FT, %BF, and BMI as indices of subcutaneous fat, visceral fat, and obesity are not appropriate indicators of adipose and fibrous tissues within individual skeletal muscles and that, despite a small %BF, skeletal muscle may contain a substantial amount of fat. In addition, FT, BMI, and %BF did not significantly influence muscle strength, suggesting that these parameters should not be used as indices of muscle strength. Instead, our data indicate that the EI of a particular muscle, which represents the intramuscular fibrous and adipose tissue, will provide a more accurate index of the strength of that muscle. Furthermore, because the combination of lower skeletal mass and higher %BF, defined as sarcopenic obesity, was reported to be more strongly associated with disability in elderly persons than either body composition type alone (Baumgartner et al. 2004) , it is possible that the combination of decreased muscle mass and increased fat tissue within a specific skeletal muscle has a greater influence on the functional limitations of that muscle than each parameter alone; future studies are needed to clarify this proposal. In contrast to our data, CT showed that attenuation of the quadriceps femoris and hamstring muscles was negatively correlated with subcutaneous thigh adipose tissue area, BMI, and %BF in older individuals (Goodpaster et al. 2001) . The latter study consisted of a large cohort of white and black males and females, which may have accounted for the disparate observations. Our study has some limitations. First, this study investigated only the influence of muscle quality assessed from EI on the muscle strength of the quadriceps femoris. However, a study in patients with non-dystrophic myotonia, showed that the EIs of the biceps brachii and tibialis anterior were not correlated with muscle strength, although the EI of the forearm flexors was significantly correlated with grip strength (Trip et al. 2009 ). This indicates that the influence of muscle quality assessed from EI on strength may differ between muscles. Therefore, our results may not be applicable to other skeletal muscles in humans. Second, our cross-sectional data does not allow us to identify a causal relationship between adipose and fibrous tissue in muscle, and changes in the muscle strength of the participants. Longitudinal studies are needed to further investigate these associations.
In conclusion, we found that muscle quality assessed from EI of skeletal muscle was related to muscle strength independently of age or MT, and that EI was not associated with %BF, BMI, or FT. We propose that ultrasound is a low-cost rapid method suitable for the assessment of EI as an index of muscle quality, which is independently associated with muscle strength of middle-aged and elderly women. Furthermore, because it is portable, it is convenient for people living in nursing homes or who have restricted mobility within their own communities and limited access to health centres and hospitals. Our data suggest that muscle quantity (i.e., muscle size) and muscle quality assessed from EI measured using computer-aided gray-scale analysis independently contribute to muscle strength in middle-aged and elderly persons.
